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The working principle of genosensor relay on the mechanism of ion–channel mimetic sensor. The analytical signals generated upon hybridization processes were recorded by redox active marker [Fe(CN)6]3-/4- present in the sample solution using voltammetric techniques. The developed genosensor was suitable for determination of 20-mer complementary oligonucleotide sequence, and also of  PCR products containing the complementary 20-mer sequence in various positions, with detection limits in 10 pM range. Non-complementary 20-mer oligonucleotide sequence as well as PCR product without complementary region generated very weak response. The good discrimination of the position of complementary part in the PCR products was observed.





Wild aquatic birds are considered to be the natural reservoir of influenza viruses. They have been implicated as the source of influenza viruses for all other species of birds and mammals. Avian influenza viruses (AIVs), in particular highly pathogenic H5 subtype, could cause severe diseases. They are endemic in wild birds and their introduction and conversion to highly pathogenic avian influenza virus in domestic poultry is a cause of serious economic losses as well as a risk for potential transmission to humans [1, 2].
   The ability to rapidly recognize AIVs in biological specimens [3], as well as development of efficient vaccine [4], is critical for limiting future spread of disease in poultry.
   The conventional methods for virus analysis, such as viral isolation [5, 6], immunoassay [7, 8] and PCR-based techniques [9] are well established. The main disadvantages of these methods are time-consuming and sophisticated procedures demanding well trained personnel.
   Biosensors are a very promising alternative to the conventional methods. These analytical devices are cost effective, offering the simple and fast analysis performance. The advances in the detection of influenza virus using non-labeling techniques such as surface plasmon resonance (SPR), quartz-crystal microbalance (QCM) and colorimetric functional polymers have been recently reviewed [3]. The applications of QCM type biosensors in influenza research are mainly limited to the study of virus/receptor interactions [10-12]. The SPR, offering obtaining the thermodynamic and kinetic data, become one of the most attractive techniques for detection of various biochemical analytes [13, 14]. 
   Apart from the numerous advantages, these techniques demand quite sophisticated equipment and they are not suitable for design a simple, disposable pocket like type sensors for wide applications. 
   The biosensors which could fulfill these needs are electrochemical one, in which the recognition processes occurring on the sensing layers are converted by transducer part into analytical signals. The increasing number of publications clearly indicated that these types of sensors attract strong interests [15-18].
   The electrochemical biosensors based on the hybridization of a DNA–specific probe previously immobilized onto electrode surface with its complementary sequence present in solution are a very attractive example suitable for biosensing applications [17]. They could be divided into three main groups based on analytical signal generations. In one group, the changes of electroactivity of nucleotides, such as guanidine, cytosine and adenine have been accommodated upon hybridization. The pioneering work for such type of sensors was done by Paleček and co-workers [19-25]. The main drawback of this type of DNA biosensors are quite weak analytical signals. The numerous methods for electroactivity amplification of nucleotides immobilized on the solid support have been reported. Among them there are: modification of the transducer layer with gold nanoparticles [18, 26, 27], carbon nanotubes [28-33] and graphene [34-37], just to name a few. 
   The intercalations of redox active compounds into DNA helix have been applied for another type of genosensors. The most frequently used intercalator is methylene blue [29, 31, 38, 39], however some other such as Actinomycin D or Proflavine [40-41] or phenanthroline Co (III) [42] are also applied. Although, these sensors displayed good analytical parameters, their main disadvantages are quite long analytical procedures which involved, apart hybridization, also intercalation process.




Fig. 1. Working principle of the ion-channel mimetic sensor on gold electrodes.





2. Materials and Methods
2.1. Reagents and Materials
6-Mercaptohexan-1-ol (MCH), potassium ferro- and ferricyanides, PBS buffer components (NaCl, KCl, Na2HPO4, KH2PO4), ethylenediaminetetraacetic acid (EDTA) and magnesium chloride hexahydrate were obtained from Sigma–Aldrich (Poznań, Poland). Alumina slurry 0.3 and 0.05 μm was purchased from Buehler (USA). Sulphuric acid, potassium hydroxide, hydrogen peroxide, ethanol and methanol were supplied by POCh (Poland). 
   For DNA immobilization and hybridization 10 mM PBS, pH 7.4 (consisting of 137 mM NaCl, 2.7 mM KCl, 10 mM KH2PO4, 1.8 mM Na2HPO4) was used.
The modified oligonucleotide HS-ss-DNA (5’-HS–(CH2)6-CCT CAA GGA GAG AGA AGA AG-3’) was used as a probe (named NC3) for immobilization on a surface of gold electrodes, while two unmodified oligonucleotides, c-NC3 (5’-CTT CTT CTC TCT CCT TGA GG-3’) and nc-NC3 (5’-GGA GTT CCT CTC TCA TCA TC-3’) served as complementary and non-complementary hybridization targets, respectively. The oligonucleotides were supplied by Biomers (Germany).
   The double stranded PCR products (PCR1-PCR4) were obtained using a plasmid containing the full length H5 gene from the polish isolate of the influenza H5N1 virus (A/swan/Poland/305-135V08/2006; EpiFlu Database Acc No EPI156789) [48] as a template and the following pairs of oligonucleotides as primers: 5’-GTG AAT TGG AAT ATG GTA ACT-3’ 
and 5'-CTT CTT CTC TCT CCT TGA GG-3’ for PCR1, 5’-CCT CAA GGA GAG AGA AGA AG-3’ and 5’-TTG GTG ACT CCA TCT ATT GC-3’ for PCR2, 5’-ACA TCC ACC CTC TCA CCA-3’ 
and 5’-CAT ACC AAC CAT CTA CCA-3’ for PCR3, 5’-GGG GAC TCA ACA ATT ATG A-3’ 
and 5’-GCT ATT TCT GAG CCC AGT-3’ for PCR4. The 20-bp region complementary to the NC3 (HS-ssDNA probe) is located at the 3’-end of PCR1, at the 5’-end of PCR2 and in the middle (83-103 bp) of PCR3. No sequence complementary to the HS-ss-DNA exists in PCR4. The total length of DNA fragments is 181 bp, 179 bp, 180 bp and 183 bp for PCR1, PCR2, PCR3 and PCR4, respectively. Schematic representation of all four PCR products is shown in the Supporting Information (Scheme S1).
   All aqueous solutions were prepared using autoclaved Milli-Q water, resistivity 18.2 MΩ·cm (Millipore Corporation, USA). Reagents and solvents were of analytical grade and used without further purification. All experiments were carried out at room temperature.
2.2. Fabrication of Genosensors – Successive Steps of Gold Electrode Modification
The elements of genosensors are schematically shown in Figure 1. Gold disk working electrodes with a radius of 2 mm2 were obtained from Mineral (Poland) and Bioanalytical Systems (BAS), West Lafayette, IN. 
   Gold electrodes were initially cleaned mechanically by polishing with alumina slurries (Alpha and Gamma Micropolish; Buehler, Lake Bluff, IL) with particles sizes of 0.3 and 0.05 m on microcloth pad (BAS) for 5 minutes each. Afterwards, they were carefully rinsed with Milli-Q water. The polished electrodes were further cleaned electrochemically by cyclic voltammetry. At first they were dipped in 0.5 M KOH solution and swept with the potential between –0.4 V and –1.2 V against the Ag/AgCl reference electrode and the platinum wire counter electrode with scan rate of 100 mVs–1, number of cycles: 3, 50 and 10. Next, the electrodes were cleaned in 0.5 M H2SO4 in the potential window between -0.3 V and +1.5 V, number of cycles: 3, 10 and 3. Before modification, the surfaces of electrodes were refreshed in 0.5 M KOH solution for 10 cycles. After finishing the electrochemical cleaning, each electrode was washed with MiliQ water and stored in water (for several minutes, until the next step) to avoid contaminations from air. All solutions were deoxygenated by purging with nitrogen (ultra pure 6.0, Air Products, Poland) for 10 minutes.
   Directly after cleaning, the electrodes were rinsed repeatedly with water and PBS buffer pH 7.4. Then, 
10 l droplets of the mixture containing 1 M SH-ssDNA and 10 M MCH (backfiller) in PBS buffer pH 7.4 were placed on the surface of each electrode. The electrodes were covered with tubes and stored for 3h at room temperature. After self-assembled monolayer formation and oligonucleotide immobilization, 10 µl of 1 mM MCH was spotted on each electrode and incubated for 1 h to reduce non-specific DNA binding. The modified electrodes were rinsed profusely with 
10 mM PBS, pH 7.4 and stored overnight at room temperature.
2.3. Hybridization Processes
The DNA of the targets, either oligonucleotides 
(c-NC3, nc-NC3) or double stranded PCR products (PCR1-PCR4), was diluted in the hybridization buffer (10 mM PBS, pH 7.4) to the concentration of 10, 20, 40, 60, 80 and 100 pM. The PCR products were heated before hybridization in the water bath at 95°C for 
10 minutes and then rapidly cooled in the ice bath for 
2 minutes in order to denature the double stranded DNA fragments. Hybridization reactions were performed by dropping of the 10-µl aliquots of the respective dilutions of the targets on 
the HS-ssDNA/MCH modified gold electrodes. After 1 h at room temperature, the electrodes were rinsed with 5 ml of 10 mM PBS, pH 7.4 in order to remove the unbound targets. 
2.4. Cyclic Voltammetry (CV) and Osteryoung Square Wave Voltammetry (OSWV) Measurements
All electrochemical measurements were performed with a potentiostat–galvanostat AutoLab (Eco Chemie, Utrecht, Netherlands) with a conventional three-electrode configuration. The voltammetric experiments were carried out in an electrochemical cell of 5 ml volume containing the modified gold working electrode, an Ag/AgCl electrode and a platinum wire as an auxiliary electrode. The measurements were performed in the presence of 10 mM  PBS buffer and 1.0 mM K3[Fe(CN)6]/ K4[Fe(CN)6] purged with nitrogen for 10 minutes, in order to control electrode modification and to record the hybridization reaction. 
   OSWV was performed with potential from + 0.6 V to −0.2 V and with a step potential of 0.001 V, a square-wave frequency of 25 Hz, and amplitude of 0.05 V for [Fe(CN)6]3-/4-. In CV, potentials were cycled from +0.6 V to –0.2 V with the scan rate of 0.1 V/s.
   The dependence of the sensor response on the concentration of analytes was expressed as the currents at the peak potential in OSWV measured in a solution containing no analyte.
   The electrode responses were expressed as: (In – I0) / I0 where In is the peak current measured in the presence of the analyte and I0 the peak current before applying analyte (in buffer without analyte).
3. Results and Discussion
3.1. Working Principle of Genosensor and its Selectivity for Complementary and Non-Complementary Target 20-mer ssDNA
Figure 1 illustrates the working principle of the genosensor proposed. The HS-ssDNA probe has been covalently attached on the surface of gold electrodes through Au-S bonds. The hybridization events with 
c-NC3 and nc-NC3 sequence were detected with [Fe(CN)6]3-/4- redox marker present in the sample solution. The advantage of this approach is that oligonucleotides labeling is not necessary. Thus, such genosensor belongs to the ‘label free’ category.
   The several fundamental parameters influencing the genosensor performance, such as ionic strength, passivation of the electrode surface after ssDNA probe immobilization as well probe length must be optimized [41, 49, 50]. The length of ssDNA probe has no significant influence on the surface coverage [50]. The most frequently used ssDNA probes were 20-mer oligonucleotides, thus the probe of this length was applied in study presented. 
   The concentration, distribution and orientation of ssDNA probe on the sensing surface have crucial influence on the hybridization efficiency [38, 41]. In order to get suitable distances between ssDNA probes which provide the best accessibility of ssDNA target to the ssDNA probe, 6-mercaptohexan-1-ol has been applied as a diluent compound. The optimum ssDNA probe: 6-mercaptohexan-1-ol molar ratio in the modification solution (10-6 M : 10-5 M) was found experimentally (Table 1S, Table 2S, Supplementary Materials). 
   After self-assembling the mixed ssDNA-MCH SAM, the electrode were treated with 1 mM solution of MCH to avoid non-specific adsorption and eliminate direct contact between the redox marker and Au surface. This step of genosensor fabrication with using HS-ssDNA probe is widely applied [38, 41, 47, 49].
   The best conditions of measuring solution such as ionic strength, buffer composition and pH were found experimentally. In general, the analytical signals generated upon hybridization processes were higher when the solutions with lower ionic strength were applied [49]. The similar tendency was observed by us. The several hybridization solutions have been tested, differing in the electrolyte composition, concentrations and pH (Table 1S, Table 2S, Supplementary Materials). 
   The best parameters for SH-ssDNA probe immobilization and conducting of hybridization processes, ensuring the best genosensor performance were selected and described in the Supplementary Materials (Table 1S, Table 2S). 
   In the measuring conditions (pH 7.4), a single stranded DNA probe exists as a negatively charged molecule. The monolayer created on the electrode surface is quasi permeable for a negative charged [Fe(CN)6]3-/4- redox marker existing in the aqueous solution. Upon hybridization with c-NC3, the double stranded ds-DNA complex is formed. It causes that the negative charge on the electrode surface is doubled. Electrostatic repulsion between the negatively charged layer and the [Fe(CN)6]3-/4- with the same charge prevents the markers from reaching the electrode surface. This leads to the decreasing of the electron transfer rate between the marker and electrode surface through the modification layer. The reversibility of the 
[Fe(CN)6]3-/4- markers decreased upon increasing concentration of c-NC3 (Figure 1S A, Supplementary Materials). The system was selective. In the presence of nc-NC3, the changes of reversibility were very weak (Figure 1S B, Supplementary Materials). The linear relationship between relative decrease of reduction or oxidation peak current of [Fe(CN)6]3-/4- redox marker were observed for the target c-NC3 in the concentration range from 10 pM to 60 pM. The genosensor was selective, the highest concentration of 20-mer ssDNA probes caused the decreasing of oxidation peaks current 20.0 ± 1.1% and 7.0 ± 1.9% (n=6), for c-NC3 and nc-NC3 sequences, respectively (Figure 2S A,B Supplementary Materials).  
   In order to eliminate the capacitive current, the hybridization processes performed with genosensor proposed were controlled with using OSWV [45, 46, 51, 52].

Fig. 2. Example of square wave voltammograms obtained for electrodes modified with HS-ssDNA and 6 – mercaptohexan-1-ol, upon hybridization. Dashed curve – before hybridization and next curves upon hybridization with target c-NC3 (A) and nc-NC3 (B) at concentration range: 10 pM, 20 pM, 40 pM, 60 pM, 80 pM and 100 pM. Solution composition: 1 mM K3[Fe(CN)6]/K4[Fe(CN)6], 0.1 M PBS (pH 7.4). The measuring conditions: three electrode configurations – Au working electrode, Ag/AgCl reference electrode and Pt counter electrode.
   The representative OSWV recorded in the presence of 20-mer oligonucleotides (c-NC3 and nc-NC3) is presented in Figure 2. This technique was more sensitive than CV. The highest concentration of 20-mer ssDNA probes caused the decreasing of peaks current 35.0 ± 5.6% and 12.0 ± 2.4% (n=6), for c-NC3 and nc-NC3 sequences, respectively (Figure 3A). 

Fig. 3A. The relationship of (In–I0)/I0 (%) vs. concentration 
C (pM) of nc-NC3 (♦) and c-NC3 (▲). In is the value of peak current after detection of given concentration 
of analytes, and I0 is the value of peak current without presence of analyte in pure 0.1 M PBS pH 7.4 (n=6).
The decreasing of redox peak current was assisted with peak potential shift into the negative potential direction. This parameter was changed linearly with increasing concentration of c-NC3. In the presence of nc-NC3, potential of redox peak remains unchanged (Figure 3B).
   
Fig. 3B. The relationship of (En–E0)/E0 (%) vs. concentration 
C (pM) of nc-NC3 (▲) and c-NC3 (●). En is the value of peak potential after detection of given concentration of analytes, and E0 is the value of peak potential without presence of analyte in pure 0.1 M PBS pH 7.4 (n=6).

3.2. Application of Genosensor for Monitoring of Hybridization Processes with PCR Products
The double stranded PCR products (PCR1-PCR4) used as targets in this study are schematically illustrated in Scheme S1 in Supplementary Materials. The location of the region of complementary to the probe is at the 3’-end, at the 5’-end and in the middle of the DNA fragment for PCR1, PCR2 and PCR3, respectively. The PCR4 has no complementary sequences to the probe at all and was used for demonstration of the selectivity of the genosensor. 
   The measuring conditions were kept the same as for experiments involving 20–mer oligonucleotides. The representative square wave voltammograms recorded upon successive increasing concentration of PCR1 (complementary to NC3) and of PCR4 (non-complementary to NC3) are illustrated in Figure 4A and Figure 4B, respectively. 
   The linear current decreasing was observed in the presence of all complementary products: PCR1, PCR2 and PCR3 target molecules in the concentration range from 10 pM to 100 pM (Figure 5A). 
   The strongest signal was generated by PCR1 with complementary sequences at the 3’-end. In this case the hybridization process with oligonucleotide probe take place at the vicinity of electrode surface, and the part of product which was not involved in the hybridization could be exposed toward the aqueous phase. For PCR2, which has the complementary sequence at opposite side of the strand (at 5’-end), the efficiency of hybridization was very weak. In this case, the accessibility towards oligonucleotide probe immobilized on the surface of electrode was very difficult, because the protruding part (159 nucleotides at 5’-end) was directed rather toward the electrode surface rather than aqueous phase. In the case of PCR3, where 82 nucleotides at 5’-end precede the sequence complementary to the probe (the region of complementarity to NC3 is in the middle of the PCR3) the “middle” response was generated. The non-complementary product, PCR4, caused only little increase of current. The decrease of current value correlates well with potential shift into the negative potential direction, indicating decreasing of reversibility of redox marker [Fe(CN)6]-3/-4 (Figure 5B). Thus, this parameter could be also considered as the analytical signal, as it was in the case of 20-mer DNA target (Figure 3A, B). The similar phenomenon was reported for other ion–channel mimetic sensors [45, 46, 51, 52].


Fig. 4. Example of square wave voltammograms obtained for electrodes modified with HS-ssDNA and 6 – mercaptohexan-1-ol upon hybridization. Dashed curve – before hybridization and next curves upon hybridization with PCR1–NC3 (A) and PCR4–NC3 (B) at concentration range: 10 pM, 20 pM, 40 pM 60 pM, 80 pM and 100 pM. Solution composition: 1 mM K3[Fe(CN)6]/K4[Fe(CN)6], 0.1 M PBS (pH 7.4). The measuring conditions: three electrode configurations – Au working electrode, Ag/AgCl reference electrode and Pt counter electrode.

Fig. 5A. The relationship of (In–I0)/I0 (%) vs. concentration C (pM) of PCR1-NC3 (■), PCR2-NC3 (●), PCR3-NC3 (♦) and PCR4-NC3 (▲). In is the value of peak current after detection of given concentration of PCR-NC3 products, and I0 is the value of peak current without presence of analyte in pure 0.1 M PBS pH 7.4 (n = 5 ÷ 6).


Fig. 5B. The relationship of (En–E0)/E0 (%) vs. concentration C (pM) of PCR1-NC3 (■), PCR2-NC3 (▲), PCR3-NC3 (♦) and PCR4-NC3 (●). En is the value of peak potential after detection of given concentration of PCR-NC3 products, and I0 is the value of peak potential without presence of analyte in pure 





 The proposed genosensor was sensitive with the detection limits 2.4·10-11M and 2.2·10-11M for c-NC3 and PCR1, respectively. It showed also good selectivity. In the presence of the highest used concentration (100 pM) of PCR1 product the 53.0 ± 12.0 % decrease of current assisted with 40.0 ± 4.7 % potential shift were observed (Figure 5A,B). The signals generated by PCR products were stronger in comparison to the c-NC3, which caused at 100 pM concentration only 35.0 ± 5.6% decrease of peak current. In addition, the genosensor presented is able to distinguish the DNA fragments having the complementary sequences in different positions (Figure 5 A, B). 
   Taking into account the parameters, such as sensitivity, selectivity and simplicity of sensor preparation, the genosensor presented is superior to numerous genosensors already reported (Table 1). The genosensor prepared in a similar way, with using ssDNA probes possessing the different length of spacer between the SH group and the oligonucleotide, displayed one order of magnitude higher detection limit only for 23-mer complementary sequences [59]. The lower detection limits in comparison to the results presented here were reported for genosensors with incorporated redox active intercalators [53, 54, 57, 58]. However, the sensitivity was estimated using only short oligonucleotide sequences. The sensitivity for 101-mer target ssDNA was reported only by Kara and co-workers [53]. 
   It is worth to emphasize that one of the main advantages of the genosensor presented here is its simple fabrication and the suitability for determination of the double stranded DNA fragments, for example the PCR products. 
   The work on increasing the genosensor sensitivity with using materials improving electron transfer in the transducer layer such as gold nanoparticles or graphene are in progress in our laboratory.
4. Conclusions 















Table 1.  Comparison of genosensor presented with those already published.
Electrodemodification	Measuringtechnique	Target	Detection limit [M]	References
Au/ HS-ssDNA/ MCH	DPV(MDB)	101 mer ss-DNA (Anthrax)	2.0·10-11 	[53]
GE/ H2N-ssDNA	DPV, EIS			
Au/ PNA /MCH	DPV (MB)	15 mer ss-DNA (HCV)	5.7·10-11 	[54]
Au/ PNA/ MCH	CV, EIS	17 mer ss-DNA	-	[55]
Au/ AOT/ PNA	OSWV	10 mer ss-DNA	5.1·10-10 	[46]
Au/ HS-ssDNA/ MCH	CV	20 mer ss-DNA (VP)	2.5·10-8 	[56]
Au/HDT/HGN/HS-ssDNA	CV, EIS, DPV (Co(Phen)33+)	14 mer ss-DNA	10-12 	[57]
GCE/ PDC/ GNPs/ss-DNA	CV, EIS, DPV(MB)	20 mer ss-DNA (PAT gene)	2.4·10-11 	[58]
Au/MWNT/PPNWs/GNPs/HS- ssDNA/MCH	DPV (Co(Phen)33+)	21 mer ss-DNA (AIV H5N1)	4.3·10-13	[42]
Au/HS-ssDNA + MCH /MCH	EIS	23 and 120 mer ssDNA (AIV H5N1)	23 mer10-10 	      [59]
Au/HS-ssDNA + MCH /MCH	CV, OSWV	20 and 179-183 mer ssDNA (AIV H5N1)	181 mer 2.4·10-1 120 mer2.2·10-11 	This work
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